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Charged systems where ions, DNA, proteins and/or charged colloidal particles are dispersed in
an isotropic fluid, are found in a range of prominent materials and biological systems. However,
generally the role of the host material dielectric anisotropy in charged colloidal materials is ig-
nored, despite frequent relevance in defining colloidal self-assembly, biological function and out-
of-equilibrium behaviour. In this work, we formulate and experimentally demonstrate anisotropic
electrostatic interactions in a system of charged colloidal particles in a nematic electrolyte. Experi-
mentally, charged dumpling-shaped near-spherical colloidal particles are used as a model system of
charged colloidal particles in a nematic medium, demonstrating anisotropic elastic and electrostatic
effective pair interactions for colloidal surface charges tunable from neutral to high. Theoretically,
we derive asymptotic expressions for (i) the anisotropic electrostatic potential on the single-particle
level and (ii) the effective pair interaction in the system, under the assumption of spherical charged
particles in a uniform nematic director field. The analytical expressions for the pair interactions are
compared with experiments, demonstrating good qualitative agreement within an experimentally
accessible parameter range. More generally, our work extends the traditional Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory for charge-stabilised colloidal suspensions in isotropic solvents, to
dielectric anisotropic host media with orientational elasticity.
Highly charged biopolymers like DNA and filamentous
actin are just two of many examples of biological rele-
vance of electrostatic interactions that are screened by
counterions under physiological conditions. In soft con-
densed matter, similar effects allow for exploiting electro-
static interactions between particles in defining colloidal
self-organized superstructures that they can form and,
even more importantly, enabling the very existence of
metastable colloidal systems. The celebrated theory of
Derjaguin, Landau, Verwey and Overbeek (DLVO)1,2 is
a paradigm for interactions in charge-stabilised colloids.
The theory combines an attractive dispersion (London-
van der Waals) interaction which is, assuming additivity,
counterbalanced by a screened electrostatic pair inter-
action ΦE(d) due to the (bare) mean-field ion-ion and
ion-particle Coulomb interaction and the ion entropy,
ΦE(d)
kBT
= Z2λB
[
exp
(
a/λID
)
1 + a/λID
]2
exp
(−d/λID)
d
, (1)
with kBT the thermal energy, Z the number of elemen-
tary charges e on the particle surface, λB the Bjerrum
length, a the particle radius, λID the (isotropic) Debye
screening length and d the center-to-center particle dis-
tance. This theory has been rigorously experimentally
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tested, and despite its limitations, its appeal lies in its
simplicity of capturing the essential effects in a wide
range of systems. Historically, the DLVO theory predicts
why particle charge and the salt concentration (tunable
via λD), can prevent or stimulate colloid coagulation,
due to the balance between electrostatic repulsion and
am attractive dispersion interaction2. Later, the electro-
static part of the DLVO theory turned out to be useful
in describing the short-range liquid order in scattering3,
for direct measurements of the pair interactions4–7, per-
forming or comparing with simulations8,9, to investigate
the effects of external fields10–12 and predicting phase be-
haviour, such as demixing13,14 and crystallisation15–17.
Moreover, DLVO theory has been applied to other
fields than colloidal science, such as ion transport18 and
biology19–21.
The electrostatic part of the DLVO theory — in the
original formulation — is formally valid (only) within
the mean-field approximation for homogeneously-charged
spherical particles dispersed in isotropic solvents in the
limit of low electrostatic potentials and negligible dou-
ble layer overlap22,23. However, major effort was per-
formed in overcoming these assumptions. The concept
of charge renormalisation24,25 was, for example, intro-
duced to overcome the limitation of low electrostatic
potentials by including non-linear effects. Furthermore,
analytical and numerical extensions have been made to
include many-body effects26–29, charge regulation30–33,
fluctuations34–36, ion-specific dispersion interactions37,
nonadditivity38, and a zoo of so-called “non-DLVO
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Fig. 1 Charged dumpling colloidal particles in nematic LC as model system for anisotropic charged colloids. a,
b, d Polarising and e bright field microscopy textures of dumpling particles with homeotropic anchoring in a planar nematic
cell between crossed (a, b) and parallel (d) polarizers P and A with (b) and without (a) a phase retardation plate Z′. c
SEM image of dumpling colloidal particles. f A schematic diagram of the director field n(r) (green lines) around a dumpling
particle treated for a homeotropic anchoring: a red circle around particle indicates a singular defect loop “Saturn ring” n0 is
far-field director. g Electrical charge of dumplings determined using electrophoresis. h Repulsive electrostatic pair potential
ΦE between dumpling colloids in an isotropic phase of a nematic LC with λ
I
D ≈ 925− 959 nm.
forces”39, to just name a few, although this might lead
to loss of transparency of the original simple theory.
On the other hand, the host material anisotropy in
DLVO interactions is a novel open challenge, centred at
the question, how electrostatic screening is changed when
the medium is characterised by a dielectric tensor, rather
than a dielectric constant, such as for isotropic solvents.
A major example of such controllable anisotropic mate-
rials are liquid crystals (LCs), where the anisotropy is
described by one dielectric coefficient along the primary
dielectric tensor axis -also called director- and a second
dielectric coefficient in the perpendicular direction. Spa-
tially dependent dielectric anisotropy also occurs some-
times in isotropic liquids, for example, near solid-water
interfaces40,41. For a hypothetical, everywhere radial di-
rector around a colloidal sphere, only the dielectric tensor
components projected in the radial direction contribute,
and hence the Bjerrum length and consequently the De-
bye screening length are renormalised with a constant,
and one can just use the standard (isotropic) DLVO
form as given in Eq. (1). However, a completely dif-
ferent situation arises when the director configuration
around the particle does not have the same symme-
try as the particle itself. The simplest non-trivial ex-
ample would be a constant director field along the z
axis surrounding a spherical particle, and in this case
the screening will become direction dependent, as we
shall see in this paper. Furthermore, as it is the more
usual case in anisotropic nematic media with dispersed
particles42–62, the director field is usually spatially de-
pendent and varies in space due to various geometry,
surface effects, and external field, leading to rich and di-
verse elasticity-mediated anisotropic inter-particle inter-
actions. Multipole expansions have been used to describe
elasticity-mediated colloidal interactions in liquid crys-
tals, drawing parallels to electrostatic interactions63–74.
In general, elasticity-mediated interactions in LCs are
accompanied by screened electrostatatic and dispersive
(London-van der Waals)75, however, the previous stud-
ies of such colloidal systems with LC hosts were done for
highly anisotropic rod- and disc-shaped particle, so that
the role of the anisotropy of colloidal particles and that
of the LC medium was not separated from the effects
due to particle’s shape anisotropy and so far explored
while probing phase behavior and self-assembly of col-
loidal superstructures76–78.
In this paper, we explore anisotropic colloidal interac-
tion in electrostatically screened near-spherical charged
colloids, to develop a generalised understanding of elec-
trostatic interactions in colloids, subjected to and deter-
mined by the material dielectric anisotropy profiles. Ex-
perimentally and theoretically, we use so-called charged
dumpling particles (with almost spherical shape) as a
charged colloidal model system, because they can become
appreciably charged in a simple liquid crystal (LC) such
as 5CB, with weak enough elastic interaction that allows
competition with the electrostatic forces. We generalise
the DLVO theory for the anisotropic screening and calcu-
3late the effective pair interaction under the assumption
that elastic, dispersive and electrostatic interactions are
additive, just like in DLVO theory. Furthermore, the
electrostatic part is treated within linear screening the-
ory in combination with a far-field multipole expansion
approach, on the same level as typically elastic interac-
tions are treated. Finally, we compare the theoretically
calculated interactions with experiments, finding good
qualitative agreement.
RESULTS
Charged colloidal dumpling particles dispersed in a
nematic electrolyte as model system
As our charged colloidal model system, we use particles
(Fig. 1c) of “dumpling-like” shape. Their rough shape
and overall dimensions are close to those of a sphere with
a diameter 2a = 1 µm. Colloidal dumplings were dis-
persed in 5CB at low concentration (< 1000 ppm) to
obtain well-separated colloidal particles. In Figs. 1a, b,
d, and e we show microscopy images of a single colloidal
dumpling. The colloidal dumplings have homeotropic an-
choring on their surfaces and the symmetry of resulting
director distortions n(r) around particles (Fig. 1f) is of
the “quadrupolar” type, with an encircling half-integer
disclination loop (“Saturn ring”)79. The in-plane diffu-
sion of the colloidal dumplings due to Brownian motion
(Figs. S8a,b, see SI) is anisotropic with respect to n0
with diffusion coefficients D‖/D⊥=1.49-1.54 (Fig. S8c,
see SI), and this is close to theoretical predictions for
spheres, D‖/D⊥ = 1.7280 with possible discrepancy ex-
plained by the irregular shape. We used charged and
uncharged particles in our experiments. The number of
elementary charges on the particles surface Z = 50− 350
was determined using their electrophoretic motion be-
tween two in-plane electrodes placed perpendicular to n0
in a planar nematic cell. Charged particles were moving
along n0 towards a negative electrode when a DC elec-
tric field was applied between electrodes. The velocity of
the particles depends on their charge and the strength of
electric field. The displacement of particles was tracked
using video microscopy, which allows us to estimate the
effective charge Ze, from the balance of the Stokes vis-
cous drag force and the electric force. To probe only the
electrostatic pair interactions between charged colloidal
dumplings, we measured their pair interactions in the
isotropic phase of 5CB, where the contribution due to LC
elastic forces is eliminated. When brought nearby with
the help of optical tweezers, colloidal dumplings repel
from each other with a potential ΦE of tens of kBT . The
effective charge number Z and Debye screening length
λD can be also extracted from experimental pair inter-
actions (Fig. 1h) using Eq. (1). The effective charge
numbers obtained by electrophoretic measurements (Fig.
1g) were in a good agreement with values obtained from
electrostatic interaction potential (Fig. 1h). The De-
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Fig. 2 Elastic pair interactions of uncharged dumpling
particles. a Trajectories of two interacting particles; color
shows the time with respect to color scale. b Polar plot of
interacting particles released at different angles. c Time de-
pendence of separation corresponding to (a). d Elastic in-
teraction potential ΦLC extracted from (c), showing elastic
quadrupole (red lines show 1/d5 fit).
bye screening lengths obtained from fitting the interac-
tion potentials were within the range of λID=300-1000
nm measured for 5CB samples in our experiments using
impedance spectroscopy.
Due to the effective elastic nature of the anisotropic
liquid crystal host, also uncharged colloidal particles in-
teract via anisotropic elastic interactions81, which for our
dumpling particles are of quadrupolar symmetry with
elastic interaction potential ΦLC(d, θ) (Fig. 2)
ΦLC(d, θ) =
16
9
piKc2
9− 90 cos2 θ + 105 cos4 θ
d5
, (2)
where d is the center-to-center separation. Note, that the
potential falls off as ∝ 1/d5, and depends on the the angle
θ between the uniform far-field n0 and d which makes
it strongly anisotropic, with the attraction direction at
≈ 40-50◦ (Fig. 2b). We can extract the elastic pair
potential (Fig. 2d) from a single particle release due to
Brownian motion (Fig. 2c) and based on the elasticity
measurements (using the single elastic constant K = 8 ·
10−12 N), we find for our system that c = 0.1− 0.2 µm3.
Electrostatic potential of single charged colloidal
sphere in an anisotropic dielectric
Electrostatic interactions between charged particles
are conditioned by the profile of the electrostatic po-
tential surrounding the particles. This quantity ex-
hibits anisotropic screening as it is directly determined
by the anisotropy of the host medium. We calculate this
anisotropic electrostatic potential in the mean-field ap-
proach by using the Poisson-Boltzmann equation for the
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Fig. 3 Anisotropic electrostatic potential kBTφ(r)/e for charged spherical colloidal particle in anisotropic dielec-
tric host. a and b Potential for large (isotropic) Debye screening length and c, d short Debye screening length, with uniform
director host c = 0 (along z direction) and with quadrupolar director material anisotropy (c 6= 0). e, f Electrostatic potential
along selected directions from the particle centre, at constant angle θ with respect to the z axis. Full lines correspond to uniform
and dashed lines to quadrupolar material anisotropy c = 0.2 µm3. The grey line is the isotropic electrostatic potential line.
g Anisotropic Debye screening length λD(θ) relative to the isotropic screening length λ
I
D in different directions, which gives
the decay length at fixed angle for sufficiently large distanced for the uniform and quadrupolar distorted director field. For
numerical parameters, we take particle radius a = 0.5 µm with constant charge Z = 50 in a nematic electrolyte with dielectric
properties ⊥ = 6, ‖ = 19 and ¯ = 10.
electrostatic potential in the nematic host with fixed di-
rector field n(r) surrounding the particle (see SI),
∂i[ij(r)∂jφ(r)]/¯ = κ
2 sinh[φ(r)], (r > a), (3)
where kBTφ(r)/e is the electrostatic potential, ¯ is the
rotationally averaged dielectric constant of the nematic
medium, and κ−1 = λID the isotropic Debye screen-
ing length used as a “reference” decay length. Note
that in the above, we assume that the dumpling par-
ticles can be approximated as spherical, have constant-
charge boundary conditions with total homogeneously
distributed charge Ze, and that the far-field director sur-
rounding the particle has cylindrical symmetry. The host
material anisotropy is given by the dielectric tensor as:
ij(r) = ⊥δij + ∆ni(r)nj(r), with ∆ = ‖ − ⊥ the
dielectric anisotropy difference between dielectric tensor
components projected parallel to the director ‖ and per-
pendicular to the director ⊥. We take -in accordance
with our experiments- that ions cannot penetrate the
particle with dielectric constant p = 2, hence inside the
particle one has to solve the Laplace equation,
∇2φ(r) = 0, (r < a). (4)
The anisotropic electrostatic potential [Eqs. (3) and (4)]
is numerically calculated using COMSOL Multiphysics
software exploiting the cylindrical symmetry, with the
results shown in Fig. 3. We show results for two
material anisotropic regimes, one with uniform direc-
tor field n = ez and second -the realistic one for our
experiments- a director field with elastic quadrupole dis-
tortion n = [ez + (2czρ/r
5)eρ]/|ez + (2czρ/r5)eρ| (as
shown in Fig. 1f), with c the quadrupole strength. The
quadrupole is derived from a multipolar expansion for
the Saturn-ring configuration81.
For the uniform director field (Fig. 3a) and the De-
bye screening length larger than particle size, the dif-
fuse screening cloud has a prolate-spheroidal like shape
with the long axis coinciding with the z axis, whereas
upon considering the full quadrupolar distortion, we see
that the electric potential profile (i.e. the double layer)
gets distorted close to the region of the Saturn ring de-
fect (Fig. 3b), but again evolves to the prolate-spheroid
shape further away from the particle. Fig. 3c shows the
electrostatic potential along selected directions from the
particle at constant angle θ with respect to the z axis,
5that can be compared to the isotropic electrostatic po-
tential, showing a similar magnitude. In Figs. 3d-f, the
electrostatic potential for the regime of Debye screening
length smaller than the particle size is shown for uniform
director (Fig. 3d) and quadrupolar director (Fig. 3e);
electrostatic potential variation along constant θ is shown
in Fig. 3f. At these short Debye lengths, the electrostatic
potential inside the particle becomes strongly inhomoge-
neous and although the ions are closer to the particle,
the electrostatic potential is still strongly anisotropic.
In order to obtain more insights on the shape of the
anisotropic electrostatic potential, we derive an analyti-
cal expression in the following two steps. (i) First of all,
we map the ion impenetrable charged sphere with radius
a and surface charge density eσ, with σ = Z/(4pia2), on
an ion-penetrable spherical shell with radius R and sur-
face charge density eσS . Having described the particle by
a singular charge distribution, we obtain an integral ex-
pression of the electrostatic potential as a convolution of
the singular surface charge distribution and the Green’s
function of the anisotropic Debye-Hu¨ckel (DH) differen-
tial operator in the limit of uniform director fields, de-
fined by the operator inverse,
G(r, r′) = −4pi
[
(ij/¯)∂i∂j − κ2
]−1
δ(r− r′). (5)
The salt-dependent parameters α = σS/σ > 1 and
γ = R/a < 1 can be determined using a fit to the nu-
merically obtained surface potential. By fitting only the
surface potential, it is found that the integral expression
is practically numerically exact for r > a in a wide range
of salt concentrations, see the SI. (ii) Using the integral
representation, we perform a multipole expansion of the
electrostatic potential, to capture the far-field behaviour.
The result is (see SI),
φ(r) =
αγ2ZλIB√
2⊥‖/¯3
[
Gm(r)+
(γa)2
6
Gq(r)
+
(γa)4
120
Gh(r) + ...
]
, (6)
with multipolar basis functions Gi(r) (i = m, q, h, ..) de-
fined by linear combinations of partial derivatives of Eq.
(5), see the SI for the expressions. The higher-order mul-
tipoles become more important at higher salt concen-
trations (smaller λID), and also the parameters α and γ
depend on a/λID.
As is usual for multipole expansions, Eq. (6) fails
at short distances, but at large enough r = |r| it cap-
tures the proper angle dependence, given that enough
multipoles are taken into account (see the SI). For ex-
ample, up until hexadecapolar order, Eq. (6) is numer-
ical exact up until a/λID ∼ 2 (< 5% deviation), while
at higher salt concentrations truncation at the hexade-
capolar order turns out to be not sufficient. As an ex-
ample, for a/λID ∼ 5, we see even asymptotically far
from the particle that the deviation is 10− 60% depend-
ing on the angle with the director, see the SI. Finally,
Z is the actual charge number for |φ(r)|  1, but for
high electrostatic potentials Z should be interpreted as a
renormalised charge density, similar to what is known in
“isotropic” charged colloids24,25.
At low salt concentrations, or at sufficiently large r at
fixed θ, Eq. (6) reduces to
φ(r) = αγ2ZλB(θ)
exp[−r/λD(θ)]
r
, (7)
with angle-dependent Bjerrum length,
λB(θ)
λIB
=
¯√
⊥(‖ −∆ cos2 θ)
, (8)
and angle-dependent Debye screening length
λD(θ)
λID
=
√
⊥‖
¯(‖ −∆ cos2 θ) , (9)
with for ∆ > 0 (∆ < 0) a maximum (minimum) at√
‖/¯ and a minimum (maximum) at
√
⊥/¯. Note that
λD(θ)/λ
I
D 6=
√
λIB/λB(θ), as one would maybe naively
think based on λID = (8piλ
I
Bρs)
−1/2. We plotted Eq. (9)
in Fig. 3g for ∆ > 0, and from this the shape of the
double layer can be understood. Would we have had
taken ∆ < 0 the double layer would have had an oblate-
spheroidal shape.
Eq. (7) reveals that for fixed θ and varying r, the
anisotropic λD(θ) is the decay length sufficiently far from
the particle, and λD(θ) should therefore rightfully be
treated as an anisotropic Debye screening length. This is
not only the decay length for the uniform director case,
but also for the quadrupolar-distorted (Saturn ring) case
at large enough distances where the director distortions
are small. Moreover, not only the decay length becomes
angle dependent, but also the prefactor of the distance-
dependent part. However, one has to include the higher
order terms from Eq. (6) to correctly account for this,
see the SI. The fact that this prefactor becomes angle-
dependent is not new. It occurs, for example, also for
anisotropic particles in isotropic solvents, and the asymp-
totic angle dependence is quantified by the so-called
anisotropy function. It has been determined for disks and
rods82, and ion-penetrable spheroidal particles83. The
anisotropy function is, however, not a useful concept
here: the radial part does not trivially factorise from
the angle-dependent part, because the anisotropy is here
caused by the medium and not by the particle shape.
Moreover, we note that the persistence of the anisotropy
at infinity also occurs for charge-screened particles with
an anisotropic shape in an isotropic medium83,84.
Finally, we evaluate the salt-dependent renormalisa-
tion parameters α and γ for some values of a/λID. The
salt-dependent factors α and γ can be found by a fit of
the numerically obtained surface potential from finite-
element calculations, and we performed this procedure
for a few values of a/λD (more information in SI), see
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Fig. 4 Pair interactions of charged dumpling particles in a nematic LC. a Bright-field micrograph of two interacting
colloidal dumplings. b Polar plot of a separation depending on an angle θ for two charged particles drifting around each
other after being brought nearby and released from an optical traps; particles do not come to the direct contact at any angle.
Colour shows the time with respect to colour scale. c Histogram showing the preferred separations between two highly charged
particles. d Histogram showing the preferred angle θ for a pair of two highly charged particles. e Trajectory of interactions
between two weakly charged particles. f Polar plot of a separation depending on an angle θ for two weakly charged particles;
particles come to the direct contact at 45◦-60◦. g Time dependence of separation corresponding to e and f.
Table I. This is useful, because Eq. (6) turns out to be
needed in the derivation of analytical expressions of the
effective pair potential.
Table I Renormalised parameters for spherical-shell method.
a/λID γ α
0.1 1 1
0.5 1 1.06
1 0.99 1.2
2 0.988 1.43
5 0.9662 2.0614
Anisotropic electrostatic and elastic pair interactions
Charged colloidal dumplings interact in the nematic
LC (Fig. 4a), both via anisotropic electrostatic and elas-
tic interactions, each with a different anisotropic pro-
file. Generally, the electrostatic interaction is repulsive,
whereas the nematic elastic interaction has regions (di-
rections) of attraction and regions of repulsion. If the
charge of the particles is high enough, the electrostatic
repulsion can counterbalance the elastic attraction at any
angle, and the two colloidal particles bounce around each
other without getting into the full contact (Fig. 4b). Po-
lar plots (Fig. 4b) and histograms of center-to-center dis-
tance between particles (Fig. 4c) show that the steady-
separation is d ≈ 5 µm for θ ≈ 90◦ and d ≈ 6 µm for
0◦ or 180◦. This difference in the steady-state d depends
on the position of the two particles relative to the far
field director, which can result from the anisotropy in
the charge distribution around colloidal dumplings (Fig.
3). Histograms of an angle θ show that there were two
preferred orientations for d, at ≈ 50◦ and ≈ 140◦ (Fig.
4b,d), which indicate equilibrium distance and orienta-
tion of a particles pair resulting from a competition of
anisotropic elastic attraction and electrostatic repulsion,
as we shall explore theoretically below. Contributions to
the asymmetry could also result from the non-spherically
symmetric shape of the particles and their orientation
change with respect to n0 when interacting. On the other
hand, if the electric charge at the dumpling surface is
sufficiently small, the elastic attraction is dominant and
two colloidal particles attract and get to the full contact
as elastic quadrupoles (Figs. 4e-g) similar to colloidal
dumplings without charge (see Fig. 2).
The effective pair interaction between anisotropic
charged colloids is determined theoretically, by splitting
— in the spirit of the DLVO theory — the total interac-
tion potential Φ(d, θ), as the sum of screened electrostatic
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Fig. 5 Analytically calculated total effective interaction potential for a spherical particle in nematic electrolyte.
a The total potential is the sum of contributions from: b anisotropic electrostatic interactions, c anisotropic elastic interactions
and d van der Waals dispersion interactions. The interaction potentials are calculated for particle radius a = 0.5 µm, particle
charge number Z = 750, elastic quadrupole moment c = 0.1 µm3, Hamaker constant AH = 1 kBT , and nematic electrolyte
with isotropic Debye screening length λID = 0.5 µm.
ΦE(d, θ), van der Waals ΦvdW(d) and, because we are in a
nematic host, the nematic elastic interactions ΦLC(d, θ),
Φ(d, θ) = ΦE(d, θ) + ΦvdW(d) + ΦLC(d, θ). (10)
The van der Waals interaction can be derived using
Hamaker-de Boer theory,
ΦvdW(d) = −AH
3
[
a2
d2 − 4a2 +
a2
d2
+
1
2
ln
(
1− 4a
2
d2
)]
,
(11)
which fails at center-to-center distances close to contact
(d ≈ 2a) where the (quantum-mechanical) Born repul-
sion becomes important, and for large d where relativis-
tic effects become important. For this interaction, the
anisotropy enters only the Hamaker constant, but not in
the coordinate-dependent part of the expression, assum-
ing the non-relativistic limit85. Finally, the elastic in-
teraction ΦLC(d, θ) is given by the quadrupolar far-field
expression Eq. (2).
The main challenging contribution to determine is the
anisotropic screened electrostatic interaction ΦE(d, θ),
which we determine from the asymptotic expression of
the electrostatic potential [Eq. (6)] within the linear
superposition approximation (for full derivation see SI).
The anisotropic screened electrostatic interaction reads
ΦE(d, θ)
kBT
=
α2γ4Z2λIB√
2⊥‖/¯3
[
Gm(d, θ) +
(γa)2
3
Gq(d, θ)+
2
45
(γa)4Gh(d, θ) + ...
]
, (12)
now treated on the same level of (multipolar) approxi-
mation as the elastic interactions, where Gm,q,h(d, θ), α
and γ are the same as the ones derived for the single-
particle case, see Eq. (6). Note also, that in the limit of
low salt concentration, only the monopole term is rele-
vant and the above equation reduces to the anisotropic
Yukawa form
ΦE(d, θ)
kBT
= α2γ4Z2λB(θ)
exp[−d/λD(θ)]
d
, (13)
which is reminiscent of the well-known standard isotropic
DLVO potential Eq. (1).
In Fig. 5a we show the total analytically calculated
interaction potential for parameters, in qualitative range
of our experiments. The position of a local minimum of
several kBT s is found at θ ∼ 55◦, which is in good qual-
itative agreement with experiments (Fig. 2d). In Fig.
5b we show the contributions of the anisotropic electro-
static effective interaction, in Fig. 5c the elastic interac-
tion and in Fig. 5d the van der Waals interaction. The
van der Waals interaction is of shortest range, and does
not contribute significantly to the total interaction po-
tential, whereas elastic and screened electrostatic poten-
tials clearly compete, and it is their detailed balance that
determines the overall inter-particle potential. Finally,
note that if we had used the isotropic DLVO potential
to calculate the total potential (and using same material
parameters), the predicted local minimum would shift to
angles θ ∼ 49◦, which underlines the clear role of the
electrostatic anisotropy.
The total interaction potential Eq. (10) exhibits a
range of possible qualitatively different inter-particle in-
teraction regimes, as we show in Fig. 6, which depends
on the particle charge Z and the host electrolyte screen-
ing length λID (salt concentration). Notably, we calcu-
late the total regimes for a smaller elastic interaction
c = 0.02 µm3 as in our experiments (c ∼ 0.2 µm3), which
makes the anisotropic electrostatic DLVO-type interac-
tion of more similar magnitude as the nematic elasticity
at the reported particle charges, which are lower than
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Fig. 6 Total interaction pair-potential of spherical charged colloidal particles with quadrupolar nematic di-
electric anisotropy. The total potential is calculated for particle radius a = 0.5 µm and elastic quadrupole magnitude
c = 0.02 µm3 for varying particle charge Z and different screening lengths λID. Note difference in colour scales for different
screening lengths.
the one chosen in Fig. 5. We want to stress, however,
that the electrostatics is based on a far-field multipole
expansion in combination with the linear-superposition
approximation, hence our theory underestimates the re-
pulsions when the double layers of the particles overlap
at sufficiently high salinity and low particle seperations,
see Fig. S5 in the SI, as is also common in isotropic
DLVO theory22, not to mention because of the currently
unknown non-additive effects between elasticity and elec-
trostatics, or close-approach elastic effects.
In Figs. 6a-c we show the situation when the screen-
ing length is larger than the particle size. For low enough
charges a global minimum located at approximately 49◦
is separated from a shallow local minimum with depth
∼ 0.001 kBT . Both local and global minimum disappear
when the particle charge is increased (Figs. 6b and c),
and the interaction potential is repulsive for all distances
and directions. For Debye lengths similar to the particle
size, we see that higher charges are needed to overcome
the attractive elastic interaction. Indeed at the same par-
ticle charge, but smaller screening length (Fig. 6d), the
electrostatic interaction is too weak to overcome the elas-
tic interaction, resulting in a purely attractive direction
in the interaction potential. Such a situation is reminis-
cent of what we observed experimentally (but for differ-
ent exact parameters) in Fig. 4f,g, where a low charge re-
sults in particle coagulation. When increasing Z further,
again a local minimum emerges (Fig. 6e) that is deeper
than the low-screening case. The depth of this minimum
becomes smaller when Z increases even further (Fig. 6f)
The trend that deeper attractive minima can be attained
for larger salt concentrations, but that higher charges are
needed, is something that we also see for double layers
smaller than the particle size (Figs. 6g-i). When com-
paring Fig. 6 with Fig. 5 we see that increasing the
strength of elastic interaction at the expense of higher Z,
also gives rise to deeper attractive minima.
9DISCUSSION
Summarising, we introduced a screened electrostatic
colloidal model system that can become appreciably
charged in a nematic liquid crystal, with particles of al-
most spherical shape. Theoretically, we discussed that
dielectric anisotropy of the colloidal host, given in ne-
matic fluids by the director field, gives rise to anisotropic
screening of the electrostatic potential when there is a
mismatch between the nematic and particle symmetry,
and in turn, also to the electrostatic effective pair inter-
action. In our system of nematic colloids, the screened
electrostatic interaction is inherently combined with ef-
fective nematic elastic interactions, which leads to differ-
ent interaction regimes where particles are: (i) repelled
for all distances and angles, (ii) are subjected to a weak
local minima of . 1kBT such that they can still move
due to thermal fluctuations and (iii) are dominated by
the elastic interactions with distinct attractive and re-
pulsive directions. In our experiments we have observed
regimes (ii) and (iii), whereas to access for regime (i) we
would need to achieve even higher particle charges and/or
more deionised samples.
We have shown, within an experimentally accessible
parameter range, that even effectively spherical particles
exhibit strongly anisotropic electrostatic interactions in
LCs. Experimental results indicate that both elastic and
electrostatic interactions of charged particles in a nematic
LCs are relatively long-ranged and anisotropic with re-
spect to the director, so that the colloidal behaviour de-
pends on their interplay. While charging could be con-
trolled from neutral to hundreds of elementary effective
charges per single particle, we could show that the inter-
particle forces could be dominated by elasticity or by
electrostatics in the two limiting regimes, with both elas-
tic and electrostatic interactions being highly anisotropic.
While we focused on thermotropic nematics with acces-
sible range of host medium’s Debye screening lengths in
the range 300-1000 nm and on colloidal particles with
the accessible range of surface charges (0-350)e, our find-
ings do indicate a plethora of colloidal behaviour arising
from the interplay of electrostatic and elastic interactions
with salient anisotropic features, consistent with theoret-
ical modelling.
This study can be in future extended further by ex-
ploiting the elasticity and electrostatics interplay for ly-
otropic water-based LC colloidal systems where Debye
screening lengths can be much shorter, on the order of
several nanometers, as well as highly deionized LCs that
potentially could allow for accessing the range of Debye
screening lengths from several nanometers to 10 microns.
As shown in Fig. 6 tuning the screening length can
change the relative position of a local minimum in the
effective pair potential. Moreover, we note that lyotropic
systems, might have additional features that our theory
does not explore yet, being often a five-component mix-
ture (an isotropic solvent such as water, liquid-crystal
particles, cations, anions, and the larger colloidal par-
ticles), compared to the thermotropic four-component
suspension in this paper (liquid crystal, cations, anions
and colloidal particles). Note that lyotropic systems can
also have a dielectric anisotropy that couples the di-
rector with electrostatics86, just as in the thermotropic
systems under consideration here. Furthermore, when
the liquid-crystal lyotropic particles are smaller colloidal
(nano)particles, we envisage tuning of the dielectric, elas-
tic and possibly flexoelectric properties of the nematic
host medium by changing the particle functionality. Tun-
ing of elastic properties by charged nanoparticles as func-
tion of particle charge and salt concentration, has already
been explored theoretically87. Moreover, lyotropic sys-
tems can be made active, as opposed to the molecular
thermotropic nematic building blocks, giving rise to pos-
sibly new unexplored hydrodynamic-electrokinetic active
processes, which may be interesting also in a biological
setting.
From the standpoint of view of particle designs, these
studies could be extended to patchy particles with dif-
ferent density or even signs of charges, potentially allow-
ing for different electrostatic multipoles, whereas as our
study showed homogeneously charged spheres only give
rise to even anisotropic Yukawa multipoles. Furthermore,
while highly anisotropic disc- and rod-shaped particles
have been studied already75,78, there is a considerable
range of possibilities in defining colloidal behaviour also
by the particle shape and surface treatment for differ-
ent boundary conditions for the LC director at colloidal
surfaces.
As further main theoretical results, we derived asymp-
totic theoretical expressions for the electrostatic poten-
tial and the resulting pair interaction for homogeneous
director configurations, which highlights not only an
anisotropy in the screening length, but also in the prefac-
tor, where the latter also occurs for anisotropic particles
in isotropic solvents. Both anisotropies together predict
that local minima in the total pair potential are shifted in
terms of equilibrium angle compared to an isotropic elec-
trostatic interaction, in line with our experimental ob-
servations. Finally, one obvious extension to the theory
is to numerically investigate the effect of close distances
between particles and relaxing the requirement of addi-
tivity in the pair potential by coupling the full Landau-
de Gennes theory in terms of the tensor order parameter
with electrostatics. We will explore this in future work.
More generally, our work contributes to the generali-
sation and extension of the DLVO interactions to ubiq-
uitous anisotropic soft matter systems, such as complex
fluids and anisotropic colloids. While nematic colloids
formed by a thermotropic LC host and near-spherical
colloidal inclusions provide validation of our theoretical
findings, the concepts introduced here can be applied in
biological contexts of highly structured biological cell in-
terior and membranes, active matter systems with the
additional forms of anisotropy stemming from activity,
lyotropic LCs with varying degrees of orientational and
partial positional ordering, ionic fluids, and so on. While
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the experiments and model focused on even anisotropic
Yukawa multipoles formed by like-charged spherical par-
ticles, future studies can extend our concepts to odd
anisotropic Yukawa multipoles via a heterogeneous sur-
face charge distribution or non-spherical particle shape
on the electrostatic side of the spectrum, and to elas-
tic monopoles through hexadecapoles and higher-order
multipoles on the elastic side. It will be of interest to
consider further the effects of various topological defects
on counterion distributions88, the role of flexoelectric-
ity and surface polarisation, surface anchoring effects89,
as well as how similar concepts work in LC mesophases
with different point group symmetries and partial posi-
tional ordering. Overall, our findings will contribute to
the soft matter toolkit for forming colloidal composite
materials with pre-engineered structure and composition
of the constituent building blocks.
METHODS
Materials and Techniques
The dumpling colloidal particles were prepared using
the hydrothermal synthesis method as reported earlier? .
The chemical ingredients used for synthesis, ytterbium
nitrate hexahydrate (Yb(NO3)3 6 H2O), yttrium nitrate
hexahydrate (Y(NO3)3 6 H2O), erbium nitrate pentahy-
drate (Er(NO3)3 5 H2O), and sodium fluoride (NaF) were
all purchased from Sigma Aldrich. Sodium hydroxide
(NaOH) was purchased from Alfa Aesar. Octanoic acid
(OA) was purchased from Acros Organics. In a typical
synthesis, 130 mg of Y(NO3)3, 40 mg of Yb(NO3)3 and 10
mg of Er(NO3)3 were mixed with 10 ml of deionised water
and 13.5 ml of ethanol. After forming a clear transpar-
ent solution, 0.35g of NaOH and 1.83 g of OA were added
into the above solution and kept stirring at 50◦C for 30
min. Then 9 ml of 0.2 M NaF solution in deionised wa-
ter was added drop wise to the above solution and stirred
continuously for 30 min at 50◦C. The mixture was trans-
ferred to a 40 ml Teflon-lined autoclave and kept in an
oven for 200◦C for 7h. After the reaction, the autoclave
was allowed to cool down to room temperature naturally.
The particles precipitated at the bottom of the reaction
vessel were collected by centrifugation and washed with
ethanol and deionised water in sequence and finally dis-
persed in 5 ml of cyclohexane. The reaction yields OA
functionalised dumpling shaped particles with an average
size of 1 µm, as demonstrated by the scanning electron
micrograph of the particles deposited onto a silicon sub-
strate. To induce positive surface charges, the particles
were treated with an acidic solution. Briefly, 200 µl of
concentrated hydrochloric acid (HCl) was mixed with 5
ml of deionised water and 2.5 ml of the particle solution
in cyclohexane was added drop wise to the acid solu-
tion and kept stirring for 12h. During this reaction, the
OA molecules originally attached to the particle’s sur-
face, get detached leaving the particle positively charged.
The uncapped particles were collected by the centrifuga-
tion and subsequently dispersed in 2.5 ml of ethanol for
further use. To prepare the colloidal dispersions, 2 µl of
the particle solution was mixed with 15 µl of 4-cyano-
4’-pentylbiphenyl (5CB, Frinton Laboratories) followed
by solvent evaporation at 70◦C for 2 h and cooling to
nematic phase under vigorous mechanical agitation. The
nematic dispersions were infiltrated to a glass cell by cap-
illary forces and sealed using a fast setting epoxy. We
used planar nematic cells with tangential boundary con-
ditions for experimental observations and video tracking
of anisotropic pair interactions of charged and uncharged
particles in nematics. To promote tangential boundary
conditions at the substrate interface, the inner surfaces
of the glass substrates were coated with polyvinyl alcohol
(PVA) and then rubbed unidirectionally.
We used an experimental setup built around an in-
verted Olympus IX81 microscope and a 100× (NA=1.4)
oil objective to perform bright-field and polarising mi-
croscopy observations. Translational and rotational mo-
tion of colloidal particles was recorded with a CCD cam-
era (Flea, PointGrey) at a rate of 15 fps and the exact
x-y position (Fig. S8) and orientation of dumpling parti-
cles as a function of time was then determined from cap-
tured sequences of images using motion tracking plugins
of ImageJ software. Optical manipulation of dumpling
particles was realised with a holographic optical trap-
ping system operating at a wavelength of 1064 nm and
integrated with our optical microscopy system.
To measure the Debye screening length λD of the
5CB samples, we used impedance spectroscopy with
Schlumberger SI 1260 impedance analyser.
Calculation of electrostatic potential
In order to calculate the electrostatic potential in an
anisotropic dielectric medium, we start from Gauss’ law,
which is given inside a spherical particle with radius a
due to the absence of free charges by,
∇ ·D(r) = 0, (r < a), (14)
with D(r) = 0pE(r) the displacement field expressed in
terms of the vacuum permittivity 0, particle dielectric
constant p, and electric field E(r). Outside the particle,
in the nematic, we have ions with number densities ρ±(r),
and hence the Gauss law reads (in SI units),
∇ ·D(r) = e[ρ+(r)− ρ−(r)], (r > a), (15)
where now, D(r) = 0 · E(r), with (r) the (symmet-
ric) dielectric tensor. We can express the electric field in
terms of the electrostatic potential kBTφ(r)/e, and using
the result that within the mean-field approximation the
ion densities are Boltzmann distributed, we find Eqs. (3)
and (4) of the main text, solved numerically with COM-
SOL Multiphysics under the assumption of a constant
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charge density eσ. In the SI, we derive Eqs. (3) and (4)
also from a free energy approach.
For |φ(r)|  1 and a constant dielectric tensor, Eq.
(3) simplifies to
∇2φ(r) = 0, (r < a), (16)[
(ij/¯)∂i∂j − κ2
]
φ(r) = 0, (r > a), (17)
to be matched by the boundary condition,
νˆi
[
ij∂jφ(r)|r=a+ − p∂iφ(r)|r=a−
]
/¯ = 4piλIBσ, (18)
with νˆ an outward pointing unit normal vector. To ob-
tain analytical solutions, is however difficult, because of
the different symmetry inside the particle, compared to
outside the particle, which prevents us to find a closed-
form expression for φ(r), while satisfying the constant-
charge Neumann boundary condition. We can, however,
find a very accurate analytical approximation used in the
main text, for which we will sketch the approach here,
and leave the details of the calculations for the SI.
The most important step in finding an analytical so-
lution is to observe that an approximate solution can
be found by solving the auxiliary problem of an ion-
penetrable charged shell with surface charge density eσS
and radius R,
[
(ij/¯) ∂i∂j − κ2
]
ϕ(r) = −4piλIBσSδ(r −R), (19)
where σS and R need to be fitted to the numerically
obtained electrostatic potential. Then, it turns out that
φ(r)|r≥a ≈ ϕ(r)|r≥a. (20)
In general, and especially at high salt concentrations,
R 6= a and σS 6= σ, except in the limit where κ → 0.
The advantage of the auxiliary problem is that the so-
lution has a closed-form expression with only a double
integral left to be evaluated, in terms of the analytically
known anisotropic DH Green’s function G(r, r′), defined
by [
(ij/¯)∂i∂j − κ2
]
G(r− r′) = −4piδ(r− r′). (21)
Hence, we only have to determine the parameters γ =
R/a and α = σS/σ based on a two-parameter fit of the
numerically obtained surface potential, to get the elec-
trostatic potential everywhere outside the particle. The
resulting integral expression of ϕ(r) turns out to be al-
most indistinguishable from the real φ(r), see the SI for
comparative figures. Evaluating a double integral is com-
putationally less expensive than solving the (linearised)
PB equation, but the real value of the integral represen-
tation comes when calculating pair interactions (see next
subsection).
Moreover, the integral expression gives analytical in-
sight. It is now possible to perform a multipole expan-
sion, because we have an integral representation of the
electrostatic potential outside the particle, as a convolu-
tion of a singular charge distribution with the anisotropic
DH Green’s function. Performing this expansion, the re-
maining double integrals can be evaluated to find that
the decay length is given by Eq. (9). As is common with
multipole expansions, they fail at short distances from
the particle, as can be seen from the comparative figures
supplied in the SI, but still capturing the correct angle
dependence for sufficiently large distances.
Calculation of the screened electrostatic pair
interaction potential
Within linear screening theory |φ(r)|  1, ion entropy
terms do not contribute to the effective pair potential,
and hence it is given by
ΦE
kBT
=
1
2
∫
drq(r)φ(r)− 2U
self
kBT
, (22)
with q(r) =
∑
i=1,2 σδ(|r−Ri|−a), with R1 and R2 the
centre-of-mass position of particle 1 and 2, respectively,
and Uself is the self energy of a single particle. Now φ(r) is
the dimensionless electrostatic potential of the two-body
problem. Using the linear superposition approximation
(LSA), which entails that the two-body electrostatic po-
tential is given by the sum of the single-particle electro-
static potentials of the two particles, gives the DLVO ex-
pression Eq. (1) if one uses the stress-tensor method23.
However, applying the LSA directly to Eq. (22) gives
the wrong result, because it inappropriately accounts for
ion-exclusion from the hard core of one particle caused
by the double layer of the other particle, which is a cu-
rious peculiarity of the free energy energy route to pair
interactions in the theory of charged colloids82.
Using the spherical-shell renormalisation method, on
the other hand, we find that the effective pair potential
can be approximated as
ΦE
kBT
≈
∫
drqS(r)ϕ2S(r)−−2U
self
S
kBT
. (23)
Here qS(r) =
∑
i=1,2 σSδ(|r − Ri| − R) is the charged
distribution of two ion-impenetrable charged shells, with
the same centre-of-mass positions as the spherical par-
ticles. Note that singular-charge distributions have an
infinite self energy U selfS that we have to substract in
Eq. (23) by using an appropriate regularisation proce-
dure. For example, one way is by giving the shells a
finite thickness, and taking the thickness in the final step
of the calculation to zero. It can straightforwardly be
shown that the two-shell electrostatic potential is simply
ϕ2S(r) =
∑
i=1,2 ϕ(r−Ri). Therefore, the real benefit of
this method is that Eq. (23) is determined by the same α
and γ that are determined from the single-particle prob-
lem. This method resembles how the electrostatic part of
the DLVO expression can be obtained by solving the aux-
iliary problem of a spherical shell or a point charge, ac-
counting properly for ion-hard core exclusions, although
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still using the energy route. The point/shell charge value
together with the ions contained within r < a equal the
charge on the particle, see for a more detailed discussion
the Appendix in Ref.82 for the shell calculation and Sec-
tion 2.6 in Ref.91 for the point-charge method. Unfortu-
nately, a similar method to determine σS does not apply
here, since φ(r) is inhomogeneous for r < a when the
particle is dispersed in an anisotropic dielectric medium,
which therefore requires a numerical fit. However, using
the shell method does give the correct expression within
LSA via a free energy route.
Furthermore, the DLVO theory is just the first-order
term in a complicated series expansion, where the higher-
order terms become more important in the case of high
salt concentrations and strong double layer overlap be-
yond the LSA2. We can therefore expect that Eq. (23)
becomes progressively more inaccurate at high salt con-
centrations and strong double layer overlaps23. Indeed,
comparing with numerical calculations, we show in the
SI that this is indeed the case.
To evaluate Eq. (23) one has to perform four integrals
numerically, which is computationally less expensive than
solving the (three-dimensional) PB equation followed by
a stress tensor or free-energy integration. To progress
further, one can perform again a multipole expansion,
but this time of the pair potential from the shell method,
to obtain an analytically tractable expression that gives
more insight in the physics of the effective pair interaction
in anisotropic media. See the main text Eq. (12), and the
SI for the derivation of the multipole expansion, as well
as comparison with numerical calculations of the full non-
linear theory (but at low charges). Secondly, we choose
to use the multipolar expansion in the main text because
we want to treat the screened electrostatic interaction on
the same footing as the elastic interaction, which is given
on the level of a multipolar expansion as well.
DATA AVAILABILITY
All data are available from the authors upon reason-
able request.
1. B. Derjaguin and L. Landau, Theory of the stability
of strongly charged lyophobic sols and of the adhesion
of strongly charged particles in solutions of electrolytes,
Acta Physicochim. URSS 14, 633 (1941).
2. E. J. W. Verwey and J. T. G. Overbeek, in Theory of
the Stability of Lyophobic Colloids (Elsevier, New York,
1948).
3. F. Ve´re´tout, M. Delaye, and A. Tardieu, Molecular ba-
sis of eye lens transparency: Osmotic pressure and x-
ray analysis of crystallin solutions, J. Mol. Biol. 205, 713
(1989).
4. W. A. Ducker, T. J. Senden, and R. M. Pashley, Direct
measurement of colloidal forces using an atomic force mi-
croscope, Nature 353, 239 (1991).
5. J. C. Crocker and D. G. Grier, Microscopic measurement
of the pair interaction potential of charge-stabilized col-
loid, Phys. Rev. Lett. 73, 352 (1994).
6. S. D. Finlayson and P. Bartlett, Non-additivity of pair in-
teractions in charged colloids, J. Chem. Phys. 145, 034905
(2016).
7. T. Cao, G. Trefalt, and M. Borkovec, Aggregation of col-
loidal particles in the presence of hydrophobic anions:
Importance of attractive non-dlvo forces, Langmuir 34,
14368 (2018).
8. H. Lo¨wen, P. A. Madden, and J.-P. Hansen, Ab initio de-
scription of counterion screening in colloidal suspensions,
Phys. Rev. Lett. 68, 1081 (1992).
9. Y. Li, M. Girard, M. Shen, J. A. Millan, and M. Olvera
de la Cruz, Strong attractions and repulsions mediated
by monovalent salts, Proc. Natl. Acad. Sci. U.S.A. 114,
11838 (2017).
10. J. Dzubiella, G. P. Hoffmann, and H. Lo¨wen, Lane for-
mation in colloidal mixtures driven by an external field,
Phys. Rev. E 65, 021402 (2002).
11. A.-P. Hynninen and M. Dijkstra, Phase diagram of dipo-
lar hard and soft spheres: Manipulation of colloidal crys-
tal structures by an external field, Phys. Rev. Lett. 94,
138303 (2005).
12. A. Torres, A. Cuetos, M. Dijkstra, and R. van Roij, Break-
down of the Yukawa model in de-ionized colloidal suspen-
sions, Phys. Rev. E 77, 031402 (2008).
13. P. Hopkins, A. J. Archer, and R. Evans, Pair-correlation
functions and phase separation in a two-component point
Yukawa fluid, J. Chem. Phys. 124, 054503 (2006).
14. K. Yoshizawa, N. Wakabayashi, M. Yonese, J. Yamanaka,
and C. P. Royall, Phase separation in binary colloids with
charge asymmetry, Soft Matter 8, 11732 (2012).
15. M. O. Robbins, K. Kremer, and G. S. Grest, Phase dia-
gram and dynamics of Yukawa systems, J. Chem. Phys.
88, 3286 (1988).
16. M. E. Leunissen, C. G. Christova, A.-P. Hynninen,
C. P. Royall, A. I. Campbell, A. Imhof, M. Dijkstra,
R. Van Roij, and A. Van Blaaderen, Ionic colloidal crys-
tals of oppositely charged particles, Nature 437, 235
(2005).
17. J. C. Everts, N. Boon, and R. van Roij, Density-induced
reentrant melting of colloidal Wigner crystals, Phys.
Chem. Chem. Phys. 18, 5211 (2016).
18. M. Zhang, K. Guan, Y. Ji, G. Liu, W. Jin, and N. Xu,
Controllable ion transport by surface-charged graphene
oxide membrane, Nat. Commun 10, 1 (2019).
19. M. Hermansson, The DLVO theory in microbial adhesion,
Colloids Surf. B 14, 105 (1999).
20. H. H. Rijnaarts, W. Norde, J. Lyklema, and A. J. Zehn-
der, DLVO and steric contributions to bacterial deposition
in media of different ionic strengths, Colloids Surf. B 14,
179 (1999).
21. R. Shaharabani, M. Ram-On, Y. Talmon, and R. Beck,
Pathological transitions in myelin membranes driven by
13
environmental and multiple sclerosis conditions, Proc.
Nat. Ac. Sci. 115, 11156 (2018).
22. S. L. Carnie and D. Y. Chan, Interaction free energy
between identical spherical colloidal particles: The lin-
earized Poisson-Boltzmann theory, J. Colloid Interface Sci
155, 297 (1993).
23. L. Belloni, Colloidal interactions, J. Phys. Condens. Mat-
ter 12, R549 (2000).
24. S. Alexander, P. M. Chaikin, P. Grant, G. J. Morales,
P. Pincus, and D. Hone, Charge renormalization, osmotic
pressure, and bulk modulus of colloidal crystals: Theory,
J. Chem. Phys. 80, 5776 (1984).
25. E. Trizac, L. Bocquet, M. Aubouy, and H. H. von
Gru¨nberg, Alexander’s prescription for colloidal charge
renormalization, Langmuir 19, 4027 (2003).
26. R. van Roij and J.-P. Hansen, Van der Waals–like instabil-
ity in suspensions of mutually repelling charged colloids,
Phys. Rev. Lett. 79, 3082 (1997).
27. E. Trizac and Y. Levin, Renormalized jellium model for
charge-stabilized colloidal suspensions, Phys. Rev. E 69,
031403 (2004).
28. N. Boon, G. I. Guerrero-Garc´ıa, R. van Roij, and
M. Olvera de la Cruz, Effective charges and virial pressure
of concentrated macroion solutions, Proc. Natl. Acad. Sci.
U.S.A. 112, 9242 (2015).
29. J. C. Everts, M. N. van der Linden, A. van Blaaderen,
and R. van Roij, Alternating strings and clusters in sus-
pensions of charged colloids, Soft Matter 12, 6610 (2016).
30. B. W. Ninham and V. Parsegian, Electrostatic potential
between surfaces bearing ionizable groups in ionic equilib-
rium with physiologic saline solution, J. Theor. Biol. 31,
405 (1971).
31. H. H. von Gru¨nberg, Chemical charge regulation and
charge renormalization in concentrated colloidal suspen-
sions, J. Colloid Interface Sci 219, 339 (1999).
32. I. Popa, P. Sinha, M. Finessi, P. Maroni, G. Papastavrou,
and M. Borkovec, Importance of charge regulation in at-
tractive double-layer forces between dissimilar surfaces,
Phys. Rev. Lett. 104, 228301 (2010).
33. A. P. dos Santos and Y. Levin, Like-charge attraction
between metal nanoparticles in a 1 :1 electrolyte solution,
Phys. Rev. Lett. 122, 248005 (2019).
34. T. Terao and T. Nakayama, Charge inversion of colloidal
particles in an aqueous solution: Screening by multivalent
ions, Phys. Rev. E 63, 041401 (2001).
35. M. Kanducˇ, A. Naji, J. Forsman, and R. Podgornik, At-
traction between neutral dielectrics mediated by multi-
valent ions in an asymmetric ionic fluid, J. Chem. Phys.
137, 174704 (2012).
36. A. Naji, M. Kanducˇ, J. Forsman, and R. Podgornik, Per-
spective: Coulomb fluids—weak coupling, strong cou-
pling, in between and beyond, J. Chem. Phys. 139,
150901 (2013).
37. M. Bostro¨m, D. R. M. Williams, and B. W. Ninham, Spe-
cific ion effects: Why DLVO theory fails for biology and
colloid systems, Phys. Rev. Lett. 87, 168103 (2001).
38. C. A. Silvera Batista, R. G. Larson, and N. A. Kotov,
Nonadditivity of nanoparticle interactions, Science 350,
10.1126/science.1242477 (2015).
39. B. Ninham, On progress in forces since the dlvo theory,
Adv. Coll. Int. Sci. 83, 1 (1999).
40. D. J. Bonthuis, S. Gekle, and R. R. Netz, Dielectric profile
of interfacial water and its effect on double-layer capaci-
tance, Phys. Rev. Lett. 107, 166102 (2011).
41. H. Zhu, A. Ghoufi, A. Szymczyk, B. Balannec, and
D. Morineau, Anomalous dielectric behavior of nanocon-
fined electrolytic solutions, Phys. Rev. Lett. 109, 107801
(2012).
42. P. Poulin, H. Stark, T. C. Lubensky, and D. A. Weitz,
Novel colloidal interactions in anisotropic fluids, Science
275, 1770 (1997).
43. I. Musˇevicˇ, M. Sˇkarabot, U. Tkalec, M. Ravnik, and
S. Zˇumer, Two-dimensional nematic colloidal crystals self-
assembled by topological defects, Science 313, 954 (2006).
44. M. Sˇkarabot, M. Ravnik, S. Zˇumer, U. Tkalec, I. Poberaj,
D. Babicˇ, N. Osterman, and I. Musˇevicˇ, Two-dimensional
dipolar nematic colloidal crystals, Phys. Rev. Lett. 76,
051406 (2007).
45. U. Ognysta, A. Nych, V. Nazarenko, I. Musˇevicˇ,
M. Sˇkarabot, M. Ravnik, S. Zˇumer, I. Poberaj, and
D. Babicˇ, 2d interactions and binary crystals of dipolar
and quadrupolar nematic colloids, Phys. Rev. Lett. 100,
217803 (2008).
46. C. P. Lapointe, T. G. Mason, and I. I. Smalyukh, Shape-
controlled colloidal interactions in nematic liquid crystals,
Science 326, 1083 (2009).
47. C. P. Lapointe, S. Hopkins, T. G. Mason, and I. I. Sma-
lyukh, Electrically driven multiaxis rotational dynamics
of colloidal platelets in nematic liquid crystals, Phys. Rev.
Lett. 105, 178301 (2010).
48. A. Martinez, H. C. Mireles, and I. I. Smalyukh, Large-area
optoelastic manipulation of colloidal particles in liquid
crystals using photoresponsive molecular surface mono-
layers, Proc. Natl. Acad. Sci. U.S.A. 108, 20891 (2011).
49. D. Engstro¨m, R. P. Trivedi, M. Persson, M. Gokso¨r, K. A.
Bertness, and I. I. Smalyukh, Three-dimensional imaging
of liquid crystal structures and defects by means of holo-
graphic manipulation of colloidal nanowires with faceted
sidewalls, Soft Matter 7, 6304 (2011).
50. A. Martinez, T. Lee, T. Asavei, H. Rubinsztein-Dunlop,
and I. I. Smalyukh, Three-dimensional complex-shaped
photopolymerized microparticles at liquid crystal inter-
faces, Soft Matter 8, 2432 (2012).
51. B. Senyuk, J. S. Evans, P. J. Ackerman, T. Lee, P. Manna,
L. Vigderman, E. R. Zubarev, J. van de Lagemaat, and
I. I. Smalyukh, Shape-dependent oriented trapping and
scaffolding of plasmonic nanoparticles by topological de-
fects for self-assembly of colloidal dimers in liquid crystals,
Nano Lett. 12, 955 (2012).
52. R. P. Trivedi, I. I. Klevets, B. Senyuk, T. Lee, and
I. I. Smalyukh, Reconfigurable interactions and three-
dimensional patterning of colloidal particles and defects
in lamellar soft media, Proc. Natl. Acad. Sci. U.S.A. 109,
4744 (2012).
53. Q. Liu, B. Senyuk, J. Tang, T. Lee, J. Qian, S. He, and I. I.
Smalyukh, Plasmonic complex fluids of nematiclike and
helicoidal self-assemblies of gold nanorods with a negative
order parameter, Phys. Rev. Lett. 109, 088301 (2012).
54. B. Senyuk, Q. Liu, S. He, R. D. Kamien, R. B. Kusner,
T. C. Lubensky, and I. I. Smalyukh, Topological colloids,
Nature 493, 200 (2013).
55. Q. Liu, B. Senyuk, M. Tasinkevych, and I. I. Smalyukh,
Nematic liquid crystal boojums with handles on colloidal
handlebodies, Proc. Natl. Acad. Sci. U.S.A. 110, 9231
(2013).
56. J. S. Evans, Y. Sun, B. Senyuk, P. Keller, V. M. Perga-
menshchik, T. Lee, and I. I. Smalyukh, Active shape-
morphing elastomeric colloids in short-pitch cholesteric
14
liquid crystals, Phys. Rev. Lett. 110, 187802 (2013).
57. A. Nych, U. Ognysta, M. Sˇkarabot, M. Ravnik, S. Zˇumer,
and I. Musˇevicˇ, Assembly and control of 3d nematic dipo-
lar colloidal crystals, Nat. Commun. 4, 1489 (2013).
58. Q. Liu, J. Tang, Y. Zhang, A. Martinez, S. Wang, S. He,
T. J. White, and I. I. Smalyukh, Shape-dependent dis-
persion and alignment of nonaggregating plasmonic gold
nanoparticles in lyotropic and thermotropic liquid crys-
tals, Phys. Rev. E 89, 052505 (2014).
59. N. M. Silvestre, Q. Liu, B. Senyuk, I. I. Smalyukh, and
M. Tasinkevych, Towards template-assisted assembly of
nematic colloids, Phys. Rev. Lett. 112, 225501 (2014).
60. B. Senyuk, Q. Liu, E. Bililign, P. D. Nystrom, and I. I.
Smalyukh, Geometry-guided colloidal interactions and
self-tiling of elastic dipoles formed by truncated pyramid
particles in liquid crystals, Phys. Rev. E 91, 040501(R)
(2015).
61. A. Martinez, L. Hermosillo, M. Tasinkevych, and I. I.
Smalyukh, Linked topological colloids in a nematic host,
Proc. Natl. Acad. Sci. U.S.A. 112, 4546 (2015).
62. Y. Yuan and I. I. Smalyukh, Topological nanocolloids
with facile electric switching of plasmonic properties, Opt.
Lett. 40, 5630 (2015).
63. T. C. Lubensky, D. Pettey, N. Currier, and H. Stark,
Topological defects and interactions in nematic emulsions,
Phys. Rev. E 57, 610 (1998).
64. B. I. Lev, S. B. Chernyshuk, P. M. Tomchuk, and
H. Yokoyama, Symmetry breaking and interaction of col-
loidal particles in nematic liquid crystals, Phys. Rev. E
65, 021709 (2002).
65. V. M. Pergamenshchik and V. A. Uzunova, Dipolar col-
loids in nematostatics: Tensorial structure, symmetry,
different types, and their interaction, Phys. Rev. E 83,
021701 (2011).
66. V. A. Uzunova and V. M. Pergamenshchik, Chiral dipole
induced by azimuthal anchoring on the surface of a planar
elastic quadrupole, Phys. Rev. E 84, 031702 (2011).
67. O. M. Tovkach, S. B. Chernyshuk, and B. I. Lev, The-
ory of elastic interaction between arbitrary colloidal par-
ticles in confined nematic liquid crystals, Phys. Rev. E
86, 032505 (2012).
68. S. B. Chernyshuk, O. M. Tovkach, and B. I. Lev, Elastic
octopoles and colloidal structures in nematic liquid crys-
tals ids, Phys. Rev. E 89, 032505 (2014).
69. B. Senyuk, O. Puls, O. M. Tovkach, S. B. Chernyshuk,
and I. I. Smalyukh, Hexadecapolar colloids, Nat. Com-
mun. 7, 10659 (2016).
70. Y. Yuan, A. Martinez, B. Senyuk, M. Tasinkevych, and
I. I. Smalyukh, Chiral liquid crystal colloids, Nat. Mater.
17, 71 (2018).
71. I. I. Smalyukh, Liquid crystal colloids, Annu. Rev. Con-
dens. Matter Phys. 9, 207 (2018).
72. B. Senyuk, J. Aplinc, M. Ravnik, and I. I. Smalyukh,
High-order elastic multipoles as colloidal atoms, Nat.
Commun. 10, 1825 (2019).
73. Y. Yuan, Q. Liu, B. Senyuk, and I. I. Smalyukh, Elastic
colloidal monopoles and reconfigurable self-assembly in
liquid crystals, Nature 570, 214 (2019).
74. Y. Yuan, M. Tasinkevych, and I. I. Smalyukh, Colloidal
interactions and unusual crystallization versus de-mixing
of elastic multipoles formed by gold mesoflowers, Nat.
Commun. 11, 188 (2020).
75. H. Mundoor, B. Senyuk, and I. I. Smalyukh, Triclinic ne-
matic colloidal crystals from competing elastic and elec-
trostatic interactions, Science 352, 69 (2016).
76. Q. Liu, P. J. Ackerman, T. C. Lubensky, and I. I. Sma-
lyukh, Biaxial ferromagnetic liquid crystal colloids, Proc.
Natl. Acad. Sci. U.S.A. 113, 10479 (2016).
77. H. Mundoor, S. Park, B. Senyuk, H. H. Wensink, and
I. I. Smalyukh, Hybrid molecular-colloidal liquid crystals,
Science 360, 768 (2018).
78. H. Mundoor, B. Senyuk, M. Almansouri, S. Park,
B. Fleury, and I. I. Smalyukh, Electrostatically controlled
surface boundary conditions in nematic liquid crystals
and colloids, Sci. Adv. 5, 10.1126/sciadv.aax4257 (2019).
79. I. M. M. Skarabot, Direct observation of interaction of
nanoparticles in a nematic liquid crystal, Soft Matter 6,
5476 (2010).
80. H. Stark and D. Ventzki, Stokes drag of spherical particles
in a nematic environment at low Ericksen numbers, Phys.
Rev. E 64, 031711 (2001).
81. H. Stark, Physics of colloidal dispersions in nematic liquid
crystals, Phys. Rep. 351, 387 (2001).
82. E. Trizac, L. Bocquet, R. Agra, J.-J. Weis, and
M. Aubouy, Effective interactions and phase behaviour
for a model clay suspension in an electrolyte, J. Phys.:
Cond. Matt. 14, 9339 (2002).
83. C. A´lvarez and G. Te´llez, Screening of charged spheroidal
colloidal particles, J. Chem. Phys. 133, 144908 (2010).
84. D. G. Rowan, J.-P. Hansen, and E. Trizac, Screened elec-
trostatic interactions between clay platelets, Mol. Phys.
98, 1369 (2000).
85. A. Sˇarlah and S. Zˇumer, Van der Waals interaction me-
diated by an optically uniaxial layer, Phys. Rev. E 64,
051606 (2001).
86. A. S. Sonin, Lyotropic nematics, Sovi. Phys. Uspekhi 30,
875 (1987).
87. T. Drwenski, S. Dussi, M. Hermes, M. Dijkstra, and
R. van Roij, Phase diagrams of charged colloidal rods:
Can a uniaxial charge distribution break chiral symme-
try?, J. Chem. Phys. 144, 094901 (2016).
88. M. Ravnik and J. C. Everts, Topological-defect in-
duced surface-charge heterogeneities in nematic elec-
trolytes (2020), arXiv:2004.12833 [cond-mat.soft].
89. J. C. Everts and M. Ravnik, Charge-, salt- and
flexoelectricity-driven anchoring control in nematics
(2020), arXiv:2003.02914 [cond-mat.soft].
90. J. C. B. Wu, Ye Liu and S. Zhang, Ligand dynamic ef-
fect on phase and morphology control of hexagonal nayf4,
Cryst. Eng. Comm. 16, 4472 (2014).
91. N. Boon, Electrostatics in ionic solution: work and
energy, charge regulation, and inhomogeneous surfaces,
Ph.D. thesis, Utrecht University (2012).
ACKNOWLEDGEMENTS
J. C. E. acknowledges financial support from the Euro-
pean Union’s Horizon 2020 programme under the Marie
Sk lodowska-Curie grant agreement No. 795377. M.R.
acknowledges financial support from the Slovenian Re-
search Agency ARRS under contracts P1-0099, J1-1697
and L1-8135. J. C. E. acknowledges fruitful discussions
with S. Cˇopar and A. Sˇarlah. Finally, the authors would
like to thank the Isaac Newton Institute for Mathemat-
ical Sciences for support and hospitality during the pro-
15
gramme [The Mathematical Design of New Materials]
when work on this paper was undertaken. This work was
supported by: EPSRC grant number EP/R014604/1. B.
S., H. M. and I. I. S. acknowledge funding from the US
Department of Energy, Office of Basic Energy Sciences,
Division of Materials Sciences and Engineering, under
Award ER46921, contract de-sc0019293 with the Uni-
versity of Colorado at Boulder.
AUTHOR CONTRIBUTIONS
J. C. E. performed the numerical and analytical the-
oretical calculations under the supervision of M. R.; B.
S. and H. M. performed experiments and analyzed ex-
perimental data under supervision of I. I. S. All authors
contributed in writing and discussing the manuscript.
COMPETING INTERESTS
The authors declare no competing interests.
